Stimulation of intact human neutrophils with phorbol 12-myristate 13-acetate results in the selective phosphorylation of two cytoskeletal protein components with molecular masses of 20 and 48 kDa. After phosphorylation the 48-kDa protein is no longer recovered as a component of the cytoskeletal fraction but is present as a fully soluble phosphoprotein. Phosphorylation of the 20-kDa protein (probably myosin light chains) signals a proteolytic conversion, catalyzed by calpain, to a smaller species having a molecular mass of approximately 15 kDa. Phosphorylation of both the 48-and 20-kDa proteins is related to the conversion of protein kinase C, also catalyzed by calpain, to the soluble fully active form. Leupeptin, an inhibitor of calpain, blocks both the phosphorylation of the target proteins and the proteolytic modification of the 20-kDa polypeptide. Thus, phosphorylation of cytoskeletal proteins and signal-directed proteolysis appear to be related processes that follow stimulation of human neutrophils by phorbol esters. The resulting changes in cytoskeletal organization may be involved in the expression of some neutrophil functions, such as exocytosis of specific granules.
Selective protein phosphorylation involving protein kinase C is now generally accepted as one mechanism whereby external signals are transduced to generate specific intracellular messages that evoke distinct cell responses (1, 2) . In a variety of cell types, including neutrophils (3) (4) (5) (6) (7) (8) , platelets (9) (10) (11) , erythrocytes (12) , adipocytes (13) , 3T3 mouse cells (14) , cells of the PC12 pheochromocytoma line (15) , melanoma cells (16) , and neuronal cells (17) , an increase in the number of proteins phosphorylated and in the extent of 32p incorporation into both membrane and intracellular proteins appears to be related to responses to external signals. However, at the present time, neither the specific proteins phosphorylated nor their relation to a well-defined functional response has been clearly established. We have previously shown that in human neutrophils stimulated by phorbol 12-myristate 13-acetate (PMA) , the phosphorylation of membrane proteins is due to the intercalation of protein kinase C into the plasma membrane (8, 18) and is responsible for the release of a membrane-bound neutral proteinase and the production of superoxide anion (19) . On the other hand, the degranulation responses induced by PMA or fMet-Leu-Phe are mediated by a different form of protein kinase C, the form (PKC-M) that is generated by digestion with a Ca2l-activated proteinase (calpain) (20, 21) and expresses full catalytic activity in the absence of Ca2l and phospholipids (20) (21) (22) (23) (24) (25) and no longer binds to the cell membrane (21, 22) .
We have recently reported (26) that incubation of the cytoskeletal fraction prepared from human neutrophils with PKC-M results in the phosphorylation of a 20-kDa component of the cytoskeleton, probably representing myosin light chains. Phosphorylation of this polypeptide serves as a specific signal for its digestion by calpain, the enzyme that is also responsible for conversion ofprotein kinase C to PKC-M (26) . We report here that both of these modifications are also observed in intact neutrophils in response to stimulation by PMA. Cytoskeletal reorganization involving primarily the 20-and 48-kDa components appears to be associated with stimuli that evoke the degranulation response.
MATERIALS AND METHODS
Materials. Protein kinase C and PKC-M were partially purified from human neutrophils and assayed with type III-S histone as previously described (22) . The specific activities of these two kinase preparations were io x 104 and 6 x 104 units/mg of protein, respectively. PMA, phenylmnethylsulfonyl fluoride, ATP, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (Hepes), and the protein standards for NaDod-S04/polyacrylamide gel electrophoresis were from Sigma and [y32P]ATP (3000 Ci/mmol; 1 Ci = 37 GBq) and H332P04 (10 mCi/ml) were from Amersham International. Triton X-100 was purchased from Rohm and Haas.
Methods. Human neutrophils (5 x 106 cells per ml) prepared as previously described (22) were incubated at 37°C in 10 mM Hepes, pH 7.4, containing 0.14 M NaCl, 5 mM KCl, and 5 mM glucose, with or without PMA at 10-100 ng/ml, for 10 min. The cells were then cooled at 0°C and collected by centrifugation at 600 x g for 5 min.
The cytoskeletal fraction was isolated by a modification (26) of the procedure reported by Yassin et al. (27) , which is basically an isotonic extraction in 2% Triton X-100 containing EGTA. For phosphorylation the cytoskeletal fraction containing 0. (22) ; for experiments with PKC-M, 1 mM EDTA was added (22) . After 10 min, 10% trichloroacetic acid (final concentration) was added and the precipitates were collected on a glass-fiber filter and washed with 15 ml of 5% trichloroacetic acid. Characterization of the phosphorylated polypeptides was carried out by NaDodSO4/polyacrylamide gel electrophoresis and autoradiography as described (26) .
The same gels and autoradiographs were scanned with a Cellosystem densitometer (Ciampolini).
RESULTS
Changes in the Cytoskeletal Protein Composition of Human Neutrophils After Stimulation with PMA. The cytoskeletal fraction isolated from human neutrophils contains eight major proteins, having molecular masses ranging from 20 to 80 kDa (Fig. lA) . Exposure of human neutrophils to a low concentration of PMA (10 ng/ml) resulted in several modifications in the polypeptide composition of the cytoskeletal protein (Fig. 1B) . Specifically, the 48-kDa protein was no longer recovered in the cytoskeletal fraction, while the quantity of the 40-kDa protein (probably actin) associated with this fraction was increased by 2-to 3-fold, as previously observed by others (27, 28) .
Phosphorylation of the Cytoskeletal Fraction by PKC-M in Vitro. To investigate the molecular mechanism responsible for the loss of the 48-kDa cytoskeletal protein, the isolated cytoskeletal fraction prepared from resting neutrophils was phosphorylated with PKC-M in the presence of [y-32P]ATP. After incubation the insoluble fraction was recovered and (I) z LL LU I-LUI both this and the supernatant fraction were analyzed by NaDodSO4/polyacrylamide gel electrophoresis (Fig. 2) .
Scanning of the gels stained with Coomassie blue showed that after phosphorylation by PKC-M the 48-kDa protein dissociated from the insoluble cytoskeletal fraction ( Fig. 2A ) and was recovered in the supernatant fraction (Fig. 2B ). Autoradiographic analysis of the same samples revealed that the major substrates for phosphorylation in the cytoskeletal fraction were the 48-kDa (Fig. 2D ) and 20-kDa polypeptides (Fig. 2C) , with smaller quantities of radioactivity detected in polypeptides with molecular masses of 62, 29, and 25 kDa. In contrast to the phosphorylated 48-kDa polypeptide, the other phosphorylated polypeptides remained associated with the insoluble cytoskeletal fraction (Fig. 2C) .
The above results permit two important conclusions. First, that phosphorylation of the cytoskeletal fraction by protein kinase C is a selective process, involving primarily two of the eight major protein components of the preparation conventionally defined as the cytoskeletal fraction. Second, that phosphorylation of the 48-kDa protein is correlated with its dissociation from the cytoskeletal network.
Effect of Leupeptin on the Cytoskeletal Modification After Activation of Intact Neutrophils by PMA. Intact human neutrophils loaded with 32p were stimulated with PMA at concentrations ranging from 10 to 100 ng/ml. The cells were collected and lysed, and the isolated cytoskeletal fraction was analyzed by NaDodSO4/polyacrylamide gel electrophoresis (Fig. 3) . With the lowest concentration of PMA the incorporation oflabel was greatest in the 20-and 48-kDa polypeptides (Fig. 3A) . 10 ,000 x g for 10 min and the cytoskeletal (pellet) and supernatant fractions were collected separately. The supernatant fraction was precipitated with trichloroacetic acid (final concentration = 7%), and the precipitate was washed with acetone, dried under nitrogen, and dissolved in 0.1 ml of 0.06 M Tris HCl, pH 6.8, containing 1% NaDodSO4, 10% glycerol, and 2% 2-mercapto- Effect of leupeptin on 32p incorporation into cytoskeletal proteins of human neutrophils stimulated with PMA. Neutrophils (5 x 10' cells in 10 ml) were incubated for 30 min with 0.5 mCi of H332PO4. The cells were collected by centrifugation, washed with 10 ml offresh medium, and resuspended in the same volume of medium. PMA was then added at a final concentration of 10 ng/ml (A and D), 30 ng/ml (B and E), or 100 ng/ml (C and F), and the suspension was incubated for 10 min at 37°C. In D, E, and F, before loading with 32p the cells were treated with leupeptin as described in the legend to Fig. 1 . The cytoskeletal fraction was prepared and subjected to polyacrylamide gel electrophoresis. Low levels of phosphorylation were observed in the cytoskeletal fraction recovered from cells loaded with 32P and incubated in the absence of PMA. The estimation of molecular masses lower than 20 kDa was uncertain with the electrophoresis procedure employed.
was much greater than is apparent from the result shown in Fig. 3A because most of the phosphorylated form of this protein was released (see preceding section). With increasing concentrations of PMA the major changes were observed in the 20-kDa component; first an increase in total radioactivity incorporated and then a decrease, concomitant with the appearance of a new phosphoprotein with a molecular mass of approximately 15 kDa (Fig. 3 B and C) .
When the exposure to PMA was carried out in the presence of leupeptin both 32p incorporation and conversion of the 20-kDa polypeptide to the 15-kDa product were greatly decreased (Fig. 3 D, E, and F) . Leupeptin also diminished the loss of the 48-kDa protein from the cytoskeletal fraction of intact neutrophils treated with PMA (see Fig. 1C) .
Identification of the Form of Protein Kinase C Involved in the Phosphorylation of the Cytoskeletal Proteins. To confirm that it is indeed PKC-M that is responsible for the observed phosphorylations we tested both forms of the kinase for their activity with the cytoskeletal fraction isolated from untreated human neutrophils. We found incorporation of 32p into the cytoskeletal proteins to be 6-fold greater when PKC-M was employed, as compared to results obtained in experiments with native protein kinase C ( Table 1) . The results strongly Proteolytically modified (PKC-M) 1250 Neutrophil membranes containing native protein kinase C were prepared from cells incubated with PMA as previously described (24, 25) . Cytoskeletal fraction (0.1 mg ofprotein) was incubated with 0.25 unit of the different forms of protein kinase C. After 10 min, 10%o trichloroacetic acid was added, the precipitates were collected on glass-fiber filters and washed with 15 ml of 5% trichloroacetic acid, and the radioactivities were measured in a model 300C Packard scintillation counter. support our previous observations (8, 18, 19) , which indicate that phosphorylation of membrane proteins is catalyzed by the native membrane-associated form of protein kinase C, in contrast to cytosolic proteins, whose phosphorylation is correlated with the formation of the soluble PKC-M form. Of particular interest is the low activity observed with the fully intercalated membrane-associated form of protein kinase C, which is formed when neutrophils are treated with PMA and which does not require the addition of Ca2l or phospholipid effectors for full activity.
DISCUSSION
Cytoskeletal protein components have been reported to undergo two significant types of posttranslational modification: phosphorylation and proteolytic degradation (for references see ref. 29 ). These observations have been made mostly with cell-free systems or with the isolated proteins, and neither the relation between these modifications nor their physiological role has been established. Phosphorylation by protein kinase C has been reported for the following proteins: erythrocyte membrane skeleton components 4.1 and 4.2 (12), vinculin (30) (31) (32) , filamin (31), caldesmon (33) , vimentin (34), talin (35) , muscle heavy meromyosin (36, 37) , and myosin light chain (38, 39) . A number of cytoskeletal proteins, including a-actinin (40), actin-binding protein (41) , P-235 protein (41) , talin (42), calmodulin-binding proteins (43) , neurofilament-and microtubule-associated proteins (44) (45) (46) , and erythrocyte membrane skeletal proteins 2.1 and 4.1 (47, 48) show various degrees of susceptibility to digestion by calpain. In the case of the 20-kDa myosin light chains in human neutrophils, phosphorylation by protein kinase C serves as a specific signal for degradation by calpain (ref. 26 and the present work). These results provide evidence with intact cells for phosphorylation serving as a signal for proteolysis. They thus confirm our previous findings with the isolated cytoskeletal fraction, in which we had observed a similar signal-directed proteolysis of the 20-kDa polypeptide by calpain after phosphorylation by PKC-M (26 (26) . The overall process is dose dependent, since at low concentrations of PMA (10 ng/ml) only phosphorylation is observed, whereas proteolytic degradation of the phosphorylated 20-kDa polypeptide is detected with PMA at 30 ng/ml and is substantially increased with PMA at 100 ng/ml. At these highest concentrations of phorbol ester, exocytosis of granule contents has been found to be significantly increased (25, 49) . Release of granule contents may thus be related to a remodelling of the cytoskeleton, a process in which phosphorylation and signaldirected proteolysis play important roles. This hypothesis is consistent with the observation that loading the cells with leupeptin greatly reduces the extent of phosphorylation of these cytoskeletal components (Fig. 3) and also the subsequent changes in composition of the cytoskeletal fraction (Fig. 1) . These effects of leupeptin can be related to its inhibitory effects on the secretory response (25) .
The fact that leupeptin blocks both phosphorylation and subsequent proteolytic modification suggests that calpain plays a dual role in the secretory response elicited by stimuli such as PMA or fMet-Leu-Phe. Calpain is involved in both the formation of PKC-M and the digestion of the phosphorylated 20-kDa polypeptide. The requirement for proteolytically modified protein kinase C is supported by the observation that the isolated Triton X-100 cytoskeletal preparation is a poor substrate for phosphorylation by native protein kinase C but an excellent substrate for PKC-M. These and earlier observations (25) suggest that certain physiological responses evoked in neutrophils by external stimuli, particularly those that require reorganization of the cytoskeletal network (50) (51) (52) 
